ABSTRACT Breeder age and broiler strain influence the availability of nutrients and oxygen through yolk size and eggshell conductance, and the effects of these egg characteristics on nutrient metabolism might be influenced by eggshell temperature (EST). This study aims to determine effects of breeder age, strain, and EST on nutrient metabolism of embryos. A study was designed as a 2 × 2 × 2 factorial arrangement using four batches of in total 4,464 hatching eggs of 2 flock ages at 29 to 30 wk (young) and 54 to 55 wk (old) of Ross 308 and Cobb 500. EST of 37.8 (normal) or 38.9
INTRODUCTION
Egg content is the only nutritional source available to sustain embryonic development and growth during incubation. The metabolism of available egg nutrients requires O 2 , whereas CO 2, metabolic water, and metabolic heat are produced as by-products (Etches, 1996) . This means that factors which influence the availability of egg nutrients or O 2 may alter nutrient metabolism and heat production (HP). Although egg nutrients are deposited in both albumen and yolk, it has been shown that embryos obtain approximately 90% of the total energy requirement from the yolk (Romanoff, 1967; Noble and Cocchi, 1990 can be influenced by e.g., breeder age (Nangsuay et al., 2013) and broiler strain (Nangsuay et al., 2015) and those studies showed that eggs with a bigger yolk also had more energy available in the eggs than eggs with a smaller yolk. Furthermore, it has been shown that both breeder age (Peebles et al., 1998; O'Dea et al., 2004) and broiler strain (Nangsuay et al., 2015 ) also influence eggshell conductance, which plays a crucial role in exchanges of O 2 and CO 2 during embryonic development (Ar and Rahn, 1985) . Differences in eggshell conductance can therefore be an indicator for differences in oxygen availability. It can be expected that eggs of different breeder ages and broiler strains, which differ in yolk size and eggshell conductance, might yield embryos that differ in nutrient metabolism and thus embryonic development and growth.
During the period from the onset of incubation to incubation day 18 (E18), embryos act poikilothermic, which means that the nutrient metabolism and em-bryonic growth during this period are temperature dependent (Tazawa et al. (1988) . Lourens et al. (2007) , showed that incubation at an eggshell temperature (EST) of 38.9
• C between E8 and E19 resulted in a higher embryonic development compared to incubation at an EST of 37.8
• C. This was reflected in a higher HP from E9 until E15. However, the same authors reported that a high EST resulted in retarded embryonic development at 21.5 day of incubation. In a later study, Molenaar et al. (2010) reported comparable results including an observation that the efficiency of converting egg protein energy into yolk free body mass (YFBM) was lower with an EST at 38.9
• C. The combined results of Lourens et al. (2007) and Molenaar et al. (2010) indicate that at later incubation stages, embryos incubated at an EST of 38.9
• C experienced limitations in nutrient metabolism to sustain development and growth. When O 2 level was increased to 25%, Molenaar et al. (2010) showed that chick YFBM development at 38.9
• C was partly restored and HP between E15 to E18 increased, which indicates the importance of O 2 availability to sustain nutrient metabolism and embryonic development. Although availability of both oxygen and nutrients is essential for nutrient metabolism of embryos, it is still unclear whether O 2 availability interacts with the amount of available nutrient in the eggs.
Since eggs originate from different breeder ages and broiler strains, providing a possibility to vary nutrients and oxygen availability through egg content and shell conductance, it can be hypothesized that during incubation, embryos of these eggs differ in nutrient metabolism and development. In addition, due to variation in nutrient and oxygen availability, it might be possible that embryos of different breeder ages and broiler strains would differentially react to changes of EST during incubation. Therefore, the objective of this study was to investigate effects of breeder age, strain, and EST on nutrient metabolism of broiler embryos.
MATERIALS AND METHODS

Experimental Design
The experiment was designed as a 2 × 2 × 2 factorial arrangement with 2 breeder ages (young and old), 2 broiler strains (Ross 308 and Cobb 500), and 2 EST (37.8 and 38.9
• C). In all treatments, EST was applied from E7 until the eggs were transferred to the hatching baskets (E18) and thereafter the machine temperature was fixed, corresponding to an EST of 37.8 or 38.9
• C. The EST treatments were applied from E7 for the purpose of preventing abnormal development which might occur due to high temperature during organogenesis stage. The experiment was performed in four consecutive batches and each treatment was repeated twice. Eggs were obtained from the same breeder age of both strains within each batch, but breeder age differed among batches. The eggs of each strain within each batch were incubated at 2 EST. The experimental protocol was approved by the Institutional Animal Care and Use Committee of Wageningen University, the Netherlands.
Hatching Eggs and Egg Storage
Four batches of 1,116 good quality hatching eggs of 2 flock ages at 29 to 30 wk (young; Y) and 54 to 55 wk (old; O) of Ross 308 (R) and Cobb 500 fast feathering (C) were obtained from commercial broiler breeder farms. The broiler breeders of all flocks received commercially available diets. The diets for each group were as follows; YC = 14.9% CP, 5.2% crude fat, 2,775 kcal/kg ME, and 1.9% linoleic acid; YR = 14.7% CP, 4.8% crude fat, 2,813 kcal/kg ME, and 1.8% linoleic acid; OC = 14.6% CP, 4.8% crude fat, 2,772 kcal/kg ME, and 1.8% linoleic acid; OR = 14.2% CP, 5.3% crude fat, 2,767 kcal/kg ME, and 2.0% linoleic acid. Within each batch, eggs of both strains were obtained from the same breeder age. To assess normal average and variation (SD) of egg weight of each breeder flock, 150 randomly taken eggs of each flock were weighed individually during the egg collection day. The average egg weight and SD of each strain at a given age were as follows: YR = 56.35 ± 3.77 g, OR = 68.75 ± 5.16 g, YC = 57.41 ± 4.10, g and OC = 70.84 ± 5.52 g. Thereafter, for each batch, a total of 1,116 eggs (558 eggs of each strain) were selected at an egg weight range between 60.0 and 63.0 g. Per batch, 30 eggs of each strain and breeder age were used to determine egg composition. The remaining eggs of each strain and breeder age were placed on 6 setter trays (88 eggs per tray) and were stored at 20
• C and 55 to 60% RH for 2 to 3 d.
Incubation
Incubation E0 to E7: prior to the start of incubation, average egg weight of each tray was determined. All 12 setter trays (6 trays of each strain) of the two different strains were alternately placed in the same setter with a maximum setting capacity of 1,408 eggs (HatchTech B.V., Veenendaal, the Netherlands). From E0 to E7, EST was maintained at 37.8
• C and the RH at 55 to 60%. The EST was measured by 4 sensors (NTC Thermistors: type DC 95; Thermometrics, Somerset, UK), which were attached to 4 individual eggs (two eggs of each strain). The EST sensors were attached to the eggshell with a small piece of tape (6 cm 2 ; consistent for all 4 eggs) (Tesa BV, Almere, The Netherlands) in heat conducting paste (Schaffner Holding AG, Switzerland) to the eggshell at the equator of the egg. At E7, all eggs were candled and infertile and cracked eggs were removed from the trays. Thereafter, weights of the fertile eggs plus tray and weight of the empty tray were measured. The average egg weight of the fertile eggs of each tray was used to calculate egg weight loss at E7; average egg weight of each tray at E0 minus the average egg weight of the fertile eggs of each tray at day E7. This egg weight loss was used in later calculations to determine eggshell conductance.
Incubation E7 to hatching: After candling at E7, eggs of each strain were divided in a control and a treatment group and were incubated separately in 1 of 4 open-circuit climate respiration chambers (CRC). The CRC consisted of 2 CRC with a size of 267 L (small; Lourens et al., 2006) and 2 CRC with a size of 1,800 L (large; Verstegen and Henken 1987) . Each treatment was repeated twice, one replicate in a small CRC and the other replicate in a large CRC. Due to difference in CRC volume, approximately 70% of the eggs of each strain within each batch were incubated in the large CRC and the remaining eggs were incubated in the small CRC. All 4 CRC were equipped with the same system for egg turning, ventilation, and temperature and humidity control as described by Lourens et al. (2006) . Each CRC had one Vaisala HMT330 series combi sensor (Vaisala company, Vantaa, Finland) to measure machine temperature (MT) and relative humidity. The EST was measured by 5 sensors (Pt-100, Sensor Data BV, Rijswijk, The Netherlands) per CRC, which were attached to 5 individual fertile eggs in each CRC. The EST sensors were attached to the eggshell with tape as described above. Between E7 to E18, EST of the control group was maintained at 37.8
• C and at 38.9
• C for the treatment group. The RH was maintained at 55 to 60% for both the control and treatment groups. During incubation, EST from the 5 individual fertile eggs were measured continuously and the MT was adjusted automatically every 5 min if the median EST differed from the target EST.
At E18, the CRC temperature, which corresponded to the EST of 37.8
• C and 38.9
• C, was recorded before removal of the EST sensors from the eggs. All eggs were candled and thereafter fertile eggs were transferred to hatching baskets. The MT was set at a constant value which was obtained before egg transfer. For the remaining time until hatching, MT was fixed and EST was allowed to change. The hatching moment, which was defined as the moment that the chicks completely emerged from the eggshell was checked every 3 h starting at 463 h after the start of incubation. Data about hatching moment is presented elsewhere (Nangsuay et al., 2016) .
Heat Production (HP)
To determine HP from E7 to E18, O 2 and CO 2 concentrations were measured each 7.5 min in all CRC and in fresh air. O 2 concentration was measured with a paramagnetic O 2 analyzer and CO 2 concentration was measured with a non-dispersive infrared CO 2 analyzer (both ABB, type Advance Optima Uras 26; ABB Automation GmbH, Frankfurt am Main, Germany). The refreshed air volume set point was 6 L/min for the small CRC and 24 L/min for the large CRC throughout the incubation period. The exact air volumes were measured with a Schlumberger G1.6 and G4 dry gas meter (Itron; former Schlumberger, The Netherlands) for the small and large CRC, respectively. Eggs that were removed after candling at E7 and E18 and nonhatched eggs were opened to determine true fertility and timing of embryonic mortality as described by Lourens et al. (2006) . The HP per living, fertile embryo (egg) was calculated from oxygen consumption and carbon dioxide production (Romijn and Lokhorst, 1961) and adjusted for fertility and day of embryo mortality.
Eggshell Conductance
The eggshell conductance was calculated by using egg weight loss of fertile eggs between E0 and E7. Because the egg weight loss is a function of time, egg shell conductance and the water vapor pressure deficit (ΔP H2O ) across the egg shell, Meijerhof and van Beek (1993) demonstrated the eggshell conductance can be calculated by determination of egg weight loss under known ΔP H2O. The water vapor pressure (P H2O ) is a function of temperature and relative humidity. To determine P H2O , the average temperature and relative humidity between E0 and E7 was determined. The calculation for eggshell conductance was made as follows; egg weight loss/ΔP H2O ; where egg weight loss = egg weight loss of fertile eggs between E0 and E7/(7 × 24) and ΔP H2O (kPa) = average vapor pressure deficit between E0 to E7. To calculate ΔP H2O, water vapor pressure inside the eggs was determined as the saturation vapor pressure at 37.8
• C and 100% relative humidity. The water vapor pressure outside of the eggs was calculated based on average temperature and humidity of the machine between E0 to E7.
Fresh Egg Composition and Chick Measurements
In each batch, 30 fresh eggs of each strain were boiled for 10 min, and thereafter albumen and yolk were separated and weighed. The eggshell excluding shell membranes was dried for 24 h at room temperature and weighed. Albumen and yolk were stored at −20
• C for further analyses.
At 3 h after hatch, chicks were taken out of the chambers, chick weight was measured and blood was collected after decapitation (0.5 to 1 mL). Chicks were opened and the residual yolk (RSY) was removed and weighed. Chick YFBM was determined as chick weight minus RSY weight. Chick YFBM and RSY were stored separately at −20
Chemical Analysis and Calculations for Energy Utilization
To have sufficient amount of sample for chemical analyses, albumen and yolk samples of fresh eggs were pooled from 2 eggs and each of RSY and yolk free body (YFB) samples were pooled from 2 chicks.
Proximate analyses were performed for dry matter (DM; ISO 6496, 1999) and gross energy (GE; ISO 9831, 1998) in albumen and yolk from fresh eggs and RSY and YFB of chicks at 3 h after hatch. Albumen, yolk, and RSY were dried in a freeze dryer before analyses of DM and GE. For YFB analysis, two YFB (without liver) were placed in 300 mL of water and autoclaved for 3 h at 120
• C. Thereafter, YFB in water was homogenized with an Ultra-Turrax disperser (IKA Werke GmbH & Co. KG, Staufen, Germany) for 10 min, and the suspension was used for DM analysis (ISO 6496, 1999) . The remaining suspension was frozen at −20
• C and then dried in a freeze dryer before determination of GE (ISO 9831, 1998) . The calculations for energy utilization, energy lost (energy lost in embryonic membranes, meconium, and heat), and efficiency of converting energy used to form YFBM (E YFB ) were performed as follow;
Statistical Analyses
The setter tray was used as the experimental unit for egg weight loss and eggshell conductance at E7. For other variables, egg or chick were used as the experimental unit in the statistical analyses. Distributions of means and residuals were examined to verify model assumptions. All data were analyzed using PROC MIXED in the statistical software package SAS 9.3 (SAS Institute Inc. 2002-2010, Cary, NC, USA). The model used for the statistical analyses of fresh egg composition, egg weight loss at E7, and eggshell conductance was
where Y ijk is the dependent variable, μ is the overall mean, A i is the breeder age (i = young or old), B j is the strain (j = Cobb 500 or Ross 308), AB ij is the interaction between breeder age and strain, C(A i ) is the breeder age nested within batch and this term was used as random effect, and e ijk was the error term. The variables measured after E7, when the EST treatment was applied, were analyzed using PROC MIXED in the statistical software package SAS 9.3 (SAS Institute Inc.
2002-2010, Cary, NC) using model [1] extended with the EST (D l ; l = 37.8 or 38.9) and interactions with the other factors (model 2). HP per day from E7 to E18 was analyzed using the MIXED procedure of SAS 9.3 software package (SAS Institute Inc. 2002 -2010 for repeated measurements. Model 2 was extended with the repeated factor day of incubation (day m ; m = E7 to E18) and interactions with other factors and an autoregressive covariance structure was used. Least square means were compared using Bonferroni adjustments for multiple comparisons. Values are expressed as LS means. In all cases, a difference was considered significant at P ≤ 0.05.
RESULTS
Weights and Energy Content of Fresh Eggs and Eggshell Conductance
Although the eggs were selected on the same egg weight range, egg weight was higher in eggs from old breeder flocks than from young breeder flocks (Δ = 0.5 g; P = 0.048) ( Table 1 ). Egg weight of Cobb 500 and Ross 308 did not differ. Albumen wet weight (Δ = 2.95 g; P = 0.003), albumen dry weight (Δ = 0.75 g; P = 0.006), and amount of energy in albumen (Δ = 17.32 kJ; P = 0.007) were higher in eggs of young breeder flocks than that of old breeder flocks. Albumen dry weight (Δ = 0.15 g; P = 0.013) and amount of energy in albumen (Δ = 3.7 kJ; P = 0.009) in Cobb 500 eggs were higher than in Ross 308 eggs.
A 2-way interaction between breeder age and strain was found for yolk wet weight (P = 0.043; Table 1 ). Wet yolk weight was higher in eggs of old breeder flocks than that of young breeder flocks in both strains, but the difference in Cobb 500 eggs (Δ = 3.20 g) was smaller than in Ross 308 eggs (Δ = 3.81 g). Dry yolk weight (Δ = 1.87 g; P = 0.004) and the amount of energy in the yolk (Δ = 64.81 kJ; P = 0.004) were higher in eggs of old breeder flocks than that of young breeder flocks, but did not differ between strains. The amount of energy in albumen + yolk of old flock eggs was higher than that of young flock eggs (Δ = 47.49 kJ; P = 0.005), but did not differ between strains.
Eggshell conductance at E7 was higher in Ross 308 than in Cobb 500 (Δ = 0.21 mg/h/kPa; P < 0.001), but did not differ between breeder ages.
Weights and Energy content of RSY and YFB of Chicks
There was no 3-way interaction for weights and energy content of RSY, YFB, and RSY+YFB of chicks at 3 h after hatch. A 2-way interaction between breeder age and strain was found for wet RSY weight at 3 h after hatch (P = 0.048; Table 2 ). The wet RSY weight was lower in both young and old flocks of Ross 308 chicks than in Cobb 500 chicks, but this difference was Table 1 . Egg weight, wet and dry weights, and energy content of albumen and yolk, albumen + yolk energy content, and eggshell conductance of Cobb 500 (C) and Ross 308 (R) eggs from young (Y; 29 to 30 wk) and old (O; 54 to 55 wk) flock (LSmeans). 1 n = 60 for treatment combination of breeder age × strain. 2 n = 12 for treatment combination of breeder age × strain. a,b LSmeans lacking a common superscript within a column and factor differ (P ≤ 0.05).
more pronounced in the young flocks (Δ = 0.93 g) than in the old flocks (Δ = 0.48 g). The dry RSY weight (Δ = 0.64 g; P = 0.029) and RSY energy content (Δ = 28.29 kJ; P = 0.022) were higher in chicks of old flock eggs than that of young flock eggs. The dry RSY weight (Δ = 0.44 g; P < 0.001) and RSY energy content (Δ = 13.53 kJ; P < 0.001) were higher in chicks of Cobb 500 eggs than that of Ross 308 eggs. Wet RSY weight (Δ = 0.97 g; P < 0.001), dry RSY weight (Δ = 0.44 g; P < 0.001), and RSY energy content (Δ = 13.29 kJ; P < 0.001) were higher in chicks incubated at an of EST 38.9
• C than at an EST of 37.8
• C. Chicks of young and old flock eggs did not differ in wet and dry YFB weights, but the amount of energy in YFB of chicks from old flock eggs was higher than that of young flock eggs (Δ = 12.74 kJ; P = 0.030). Ross 308 chicks had a higher wet YFB weight than that of Cobb 500 chicks (Δ = 0.59 g; P < 0.001), but dry YFB weight and energy content did not differ between strains. Chicks of eggs incubated at an EST of 37.8
• C had a higher wet YFB weight (Δ = 0.83 g; P < 0.001), dry YFB weight (Δ = 0.36 g; P < 0.001), and energy content (Δ = 10.02 kJ; P < 0.001) than that of an EST of 38.9
• C. The amount of energy in RSY + YFB was higher in chicks of old flock eggs than in chicks of young flock eggs (Δ = 40.44 kJ; P = 0.013). Chicks of Cobb 500 eggs had a higher amount of energy in RSY + YFB than chicks of Ross 308 eggs (Δ = 11.64 kJ; P < 0.001). EST had no effect on the amount of energy in RSY+YFB.
Nutrient Metabolism
There were no 3-way and 2-way interactions for nutrient metabolism measured as energy utilization, energy lost, and efficiency of converting energy used to YFB (E YFB ). Chicks of old flock eggs used a higher amount of energy than that of young flock eggs (Δ = 19.98 kJ; P = 0.046) (Table 3 ), but the energy lost and E YFB did not differ between flock ages. Chicks of Ross 308 eggs used a higher amount of energy (Δ = 12.57 kJ; P = 0.006), had a higher amount of energy lost (Δ = 10.17 kJ; P = 0.010), and a lower E YFB (Δ = 1.91%; P = 0.024) than that of Cobb 500 chicks. Chicks of eggs incubated at an EST of 37.8
• C used a higher amount of energy than that of an EST at 38.9
• C (Δ = 12.52 kJ; P = 0.006), but the energy lost and the E YFB did not differ between EST.
A significant interaction between strain x incubation day ( Figure 1 ) and EST × incubation day (Figure 2 ) was found for embryonic HP. Ross 308 embryos had higher HP than that of Cobb 500 embryos at E15, E16, E17, and E18 (2.7, 3.8, 4.2, and 3.7 mW/egg, respectively). Embryos of eggs incubated at an EST of 38.9
• C had a higher HP than that of an EST at 37.8
• C at E11, E12, E13, E14, and E15 (3.8, 6.7, 7.9, 7 .9, and 5.7 mW/egg, respectively).
DISCUSSION
Previous studies have shown that embryos of eggs originating from different breeder ages (Nangsuay et al., 2013) and broiler strains (Nangsuay et al., 2015) differ Table 2 . Wet and dry weights and energy content of residual yolk (RSY), yolk free body (YFB), and RSY + YFB of Cobb 500 (C) and Ross 308 (R) eggs from young (Y; 29 to 30 wk) and old (O; 54 to 55 wk) flock incubated at an eggshell temperature (EST) of 37.8 or 38.9
• C from E7 until hatching (LSmeans). in nutrient availability due to alterations in yolk size. Various studies (Peebles et al., 1998; O'Dea et al., 2004; Nangsuay et al., 2015) suggested that egg origin can also influence eggshell conductance, which can affect O 2 availability for the embryos (Ackerman and Rahn, 1981) . The availability of both nutrients and O 2 is essential for the metabolism and it has been shown that metabolic rate of embryos before E18 is influenced by temperature (Tazawa et al., 1988; Lourens et al., 2007; Molenaar et al., 2010) . Although there is information about the role of O 2 at different EST (Molenaar et al., 2010) , it is still unclear whether O 2 availability interacts with the amount of nutrients available in the eggs.
The objective of the current study was to investigate effects of breeder age, broiler strain, and EST on nutrient metabolism of the embryos. This study aimed to use eggs from the same egg weight range for both young and old breeder flocks of Cobb 500 and Ross 308. Although the average weights of selected egg in the old flocks was 0.5 g heavier than in the young flocks, it is unlikely that the small difference in egg weight would affect results obtained.
The current results show that breeder age is a determining factor for availability of nutrients in the eggs, whereas the eggshell conductance is influenced by broiler strain. A higher eggshell conductance in Ross 308 than in Cobb 500 eggs confirms previous observations of Nangsuay et al. (2015) . In contrast to a previous Table 3 . Energy utilization (kJ), energy lost (kJ), and efficiency of converting energy used to yolk free body (E YFB; % ) of Cobb 500 (C) and Ross 308 (R) chicks from young (Y; 29 to 30 wk) and old (O; 54 to 55 wk) flock incubated at an eggshell temperature (EST) of 37.8 or 38.9
• C from E7 until hatching (LSmeans). study (Nangsuay et al., 2015) , Ross 308 and Cobb 500 eggs in the current study did not differ in yolk weight and energy content in yolk and albumen + yolk. The inconsistency of results among studies can be due to the distribution of selected eggs compared to the flock average egg weight at each breeder age, which might be different among studies and not fully representative for the normal eggs. This might have influenced yolk: albumen ratio (Nangsuay et al., 2011) . The other effect on yolk: albumen ratio might have been energy intake of the breeders, which has been shown to affect yolk size (Peebles et al., 2000) . Since the eggs were obtained from different commercial breeder flocks using different diet compositions, an influence of diet and energy intake on the yolk size and yolk composition and therefore on nutrient availability cannot be totally excluded. Although these both factors might have slightly influenced the results the current study suggests that due to alteration of yolk size the breeder age rather than strain influences nutrient availability in hatching eggs. The effects of breeder age on nutrient availability were associated with yolk size and thus energy content in the yolk and in the albumen + yolk, which are consistent with a previous study (Nangsuay et al., 2013) . However, the current study did not show an influence of breeder age on eggshell conductance, which is in contrast to previous studies of Peebles et al. (1998) and O'Dea et al., (2004) . This means that at the start of incubation eggs originating from different breeder ages vary in nutrient availability, whereas eggs derived from different broiler strains vary in eggshell conductance with potential implication for availability of oxygen (Ackerman and Rahn, 1981) .
During incubation, embryos take up O 2 for nutrient metabolism and produce CO 2 , metabolic heat (HP), and metabolic water (Etches, 1996) . The energy which is generated from metabolism is either lost as heat or being utilized for 1) tissue development for growth; 2) maintenance of existing tissues; and 3) muscular activity especially during the hatching process (Vleck, 1991) . This suggests a relationship between the embryonic growth pattern and embryonic HP, in which embryos with a high growth rate would have a high metabolic rate to sustain growth throughout the developmental period. Because embryos before E18 act poikilothermic and thus the nutrient metabolism and growth during this period is temperature dependent (Tazawa et al., 1988) , it was expected that the more nutrients available in old flock eggs than in young flock eggs and a higher eggshell conductance in Ross 308 eggs than Cobb 500 eggs would differentially influence nutrient metabolism of embryos, particularly at high EST. Because we did not find a 3-way or 2-way interactions between breeder age, strain, and EST for nutrient metabolism of the embryos, the discussion will focus on the main effects of breeder age, strain, and EST.
Embryos of old flocks had more energy available in the eggs and used more energy during incubation than those of young flocks. In spite of similar dry YFBM between breeder ages, a higher amount of energy used in association with an equal E YFB between breeder ages resulted in a higher amount of energy accumulated into YFBM of old flock chicks than that of young flock chicks. The current findings for energy utilization, energy content in YFBM, and E YFB are consistent with previous findings (Nangsuay et al., 2013) , but the previous study found a higher HP in old flock embryos than young flock embryo from E16 to E18. The more pronounced differences in dry YFBM and energy lost in old flock chicks than in young flock chicks in the previous study compared to the current results might be associated with HP differences in the previous study. A higher embryonic HP in Ross 308 than in Cobb 500 can possibly be attributed to a higher oxygen availability due to a higher eggshell conductance. The embryonic HP of Ross 308 and Cobb 500 started to deviate at E15, which was coincided with a higher YFBM at E14 in Ross 308 than in Cobb 500 (Nangsuay et al., 2016) . It is possible that Cobb 500 embryos experienced oxygen limitation during this phase, which will lead to a lower metabolic rate, less yolk uptake, and lower growth than in Ross 308 embryos. On the other hand, more oxygen availability for Ross 308 embryos permits them to continue a high nutrient metabolism and yolk uptake to sustain their growth rate and this condition might be continued until the moment of external pipping. This can explain the lower wet and dry weights of RSY and a higher wet YFBM of chicks at 3 h after hatch of Ross 308 than Cobb 500. Although Ross 308 embryos were able to use more energy than Cobb 500 embryos, the E YFB was lower in Ross 308. A lower E YFB in Ross 308 was due to a higher amount of energy lost in Ross 308 than in Cobb 500, combined with a similar amount of energy accumulated into YFBM of both strains. The differences in chick YFBM and E YFB between broiler strains are consistent with previous findings by Nangsuay et al. (2015) , but the embryonic HP in the previous study was not significantly different. Because numerically the differences in embryonic HP between two strains in the current study and in the previous one were similar, the number of repetitions (current; four vs. previous; two) might have influenced the observed differences in statistical significance between the different studies.
An increase in EST from 37.8 to 38.9
• C from E7 onward resulted in an increase in HP during E11 to E15, but this effect disappeared at later stages of incubation. This increased embryonic HP could be related to a high embryonic YFBM at E14 and E16 in the eggs incubated at an EST of 38.9
• C than 37.8 • C (Nangsuay et al., 2016) . The effects of EST, which are manifested between E11 and E15 can be explained by the mechanisms suggested by Tazawa et al. (1988) and Whittow and Tazawa (1991) . In agreement with these authors, an increase in EST from 37.8 to 38.9
• C in the current study could accelerate metabolic activity and development between E11 and E15 as a result of the temperature dependent Arrhenius-limited stage. As a consequence of high growth rate, energy requirement for maintenance of existing body tissues as well as the energy requirement to sustain growth is increase. To fulfill energy requirements, embryos at an EST at 38.9
• C would require more O 2 for nutrient metabolism. Since the availability of O 2 was comparable due to similar eggshell conductance, the embryos at a high EST at the later stage of development might experience limitation of oxygen availability due to the oxygen-conductance-limited stage (Tazawa et al., 1988; Whittow and Tazawa, 1991) . As a consequence, nutrient metabolism and yolk nutrient uptake decreased. The limitation of oxygen during the later stage of development might explain the disappearance of differences in embryonic HP during E16 to E18. Furthermore, the condition of limited O 2 during the last stage of development might be the reason for a lower YFBM and thus lower amount of energy deposited into YFBM of chicks at an EST of 38.9
• C than that in 37.8
• C. However, the total energy lost as well as the E YFB measured at 3 h after hatch did not differ between the EST.
Combining the current findings for the effects of breeder age, strain, and EST, it can be concluded that the availability of oxygen rather than the availability of nutrients influence the metabolism of the embryo. However, further studies with different amount of egg nutrients and oxygen levels are needed to evaluate this hypothesis.
